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Proton exchange membrane fuel cells (PEM fuel cells) are one of the promising clean 
energy solutions to replace fossil fuel in applications such as automobiles and stationary power 
systems. Though significant research progress has been made, there are still some key technical 
challenges to be solved including the water management and cold-start problems, hindering large 
scale commercialization of this technology. A successful water management requires the amount 
of water content in a PEM fuel cell system to be kept at an optimal level.  A poor water management 
would lead to membrane dehydration or liquid water flooding, which would cause temporary or 
permanent losses in performance and durability. The water flooding problem would become more 
serious in the subzero temperature during the cold-start process, which could lead to irreversible 
damages on cell components, or even cell failure in some extreme cases. Due to opaque nature of 
PEM fuel cell components, visualization and understanding of water transport behavior remains a 
challenge.  
Therefore, thawing and desaturation processes of gas diffusion layers (GDLs) under cold-
start operating conditions were studied in this research via synchrotron X-ray computed 
tomography (CT) imaging techniques. The high speed and high resolution CT scan made it 
possible to capture the dynamic water behavior during the thawing and desaturation process for 
both qualitative and quantitative analyses. The experiments were performed on a half cell (cathode 
side) with a 40 mm serpentine channel, where Sigracet® 35AA and 35BA graphite GDLs were 
selected in different trials, with the superficial gas velocity of the purging air set to 2.88 m/s, 4.26 
m/s, 5.98 m/s and 9.02 m/s. A similar desaturation pattern was observed in both global and local 
GDL regions; however, heterogeneity in water transfer was found over the entire GDL domains, 
both in-plane and through-plane. It was also found that the air purging rate, purging distance, and 
flow field geometry would affect the desaturation pattern, while the GDL hydrophobicity would 
mainly affect the initial saturation level. These data provide valuable information for future 
experimental and modeling studies that involve the thawing process in the GDL, and could be used 
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Chapter 1. Introduction 
Clean energy has received increasing attention nowadays as the key to the sustainable 
development. Fuel cells are devices to directly convert the chemical potential into electricity, 
which are considered to be one of the promising clean energy solutions for increased greenhouse 
gas emissions associated with using fossil fuels. Proton exchange membrane fuel cells (PEM fuel 
cells) as one type of fuel cells, is of particular interest in the transportation sector because of their 
high energy efficiency and low operating temperature requirements. 
Figure 1.1 shows a schematic model of a single PEM fuel cell. Hydrogen gas and oxygen 
gas flow into the cell through the bipolar plates separately from the anode side and the cathode 
side. The gas streams then evenly diffuse to the catalyst layers through gas diffusion layers (GDLs). 
Two half-electrochemical reactions take place on the two sides, as shown in the equations below.  
𝐴𝑛𝑜𝑑𝑒: 2𝐻2 → 4𝐻
+ + 4𝑒− 
𝐶𝑎𝑡ℎ𝑜𝑑𝑒: 𝑂2 + 4𝐻
+ + 4𝑒− → 2𝐻2𝑂 
𝑂𝑣𝑒𝑟𝑎𝑙𝑙: 𝑂2 + 2𝐻2 → 2𝐻2𝑂 
At the anode side, 4 electrons are removed from every 2 hydrogen molecules to form 4 
protons. At the cathode side, oxygen gains 4 electrons to form 2 oxygen ions. The protons are 
transferred through the membrane and react with oxygen to generate water and heat on the cathode 




Figure 1.1. A PEM fuel cell single cell [1]  
PEM fuel cells are one of the most common type of commercialized fuel cells and receive 
significant interest due to the following advantages: 
1. High energy conversion.  Unlike thermodynamic engines limited by the Carnot cycle, 
PEM fuel cells have 40 % - 60 % energy conversion efficiency from the chemical 
potential to electricity. 
2. Zero emission as water being the only byproduct. 
3. Low operating temperatures at 60 °C – 80 °C for normal operation and low noise 
production compared to other engines. 
4. Portability. PEM fuel cells can be scaled up or down by increasing or decreasing the 
number of cells in a stack. It can be used in small and portable applications such 
automobiles.  
Though great success has been achieved in utilizing PEM fuel cells, there still exist 
technical challenges hindering massive production and application of this technology. Among 
them, water management is one of the key challenges in the PEM fuel cell operation and design. 
An optimal level of water in a PEM fuel cell is vital for its performance and durability, where the 
cell needs to be humidified to maintain the hydration level, and the excess liquid water needs to be 
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effectively removed from the cell. A sufficient amount of water is necessary to prevent membrane 
dehydration, which could lead to performance degradation and permanent material damage [2]. 
However, accumulation of excess liquid water may cause the mass transfer limitation in GDLs and 
flow channels, which can lead to performance losses [3]. Specially in the cold-start conditions, 
when the cell operates in subzero temperatures, the excess liquid water in the catalyst layers, GDLs, 
and flow channels can freeze rapidly causing mechanical damages such as deformation, 
delamination, and perforation [4,5]. Also, as the ice completely blocks paths before thawing, the 
prolonged mass transfer limitation may cause the fuel and oxidant starvation, which could lead to 
permanent performance and durability loss, or cell failure in extreme cases [6]. Therefore, 
understanding the water transfer behavior in the PEM fuel cell is critical for better water 
management and successful cell design. 
1.1  Knowledge gap and motivation 
For water management in the GDLs, water transfer behaviors are still not fully understood, 
specially under subzero operating temperatures. From experimental perspectives, in-situ 
measurements of the effects of the operating parameters for a cold-start PEM fuel cell may provide 
valuable information to evaluate the overall efficiency of the applied water management protocols, 
however, it is not enough to characterize the localized water behavior. For modeling and simulation 
approaches, the complexity in the fuel cell system including microscale and macroscale two/three 
phase flow, porous media, thermodynamics, phase change, etc. make it difficult to build a working 
model which represents the actual water transfer in PEM fuel cells at multiple scales. 
Visualization techniques such as Synchrotron X-ray could help in studying the water 
behavior in the localized area. However, most of the existing visualization works about the GDL 
water management were performed on idle PEM fuel cells, focusing on the GDL structural change 
or water distribution. The scanning speed could often take several minutes, which is too slow to 
capture the dynamic water movement. Furthermore, the time sensitivity increases when the cold-
start conditions are applied, as the thawing of ice could happen much faster than the scanning 
speed. Only few experiments which visualized the dynamic water transfer below the melting point 
only provided low spatial resolution images due to apparatus limitation [7,8]. 
4 
 
Base on one previous work performed by Battrell et al. [9] which captured the dynamic 
water removal process in the initial saturated GDL at room temperature, the cold-start condition 
was the focus in this project, with improved synchrotron apparatus and experimental setup to 
increase the quality of images captured. Since Battrell et al. only performed the experiments with 
one GDL sample and one purging flow rate under the ambient condition, multiple GDL samples 
and different purging flow rates were examined under the cold-start condition, where the freezing 
of the residual water and the rapid ice formation during the cold-start were simulated.  
1.2 Research objectives 
The objective of this research was to provide qualitative and quantitative analysis of the 
GDL thawing and desaturation process under the cold-start condition via synchrotron X-ray 
imaging. Several operating parameters including GDL properties, purging flow rates, purging 
distances and flow field geometries were analyzed at global and local scales in order to understand 
their effects on the water behavior in the GDL. 
1.3 Organization of the thesis 
This project produced two published manuscripts. The thesis is written in a manuscript-
based style with five chapters. Chapter 1 includes the introduction, along with knowledge gap, 
motivation, research objectives, and thesis organization. Literature review on PEM fuel cell water 
management, gas diffusion layer, cold-start, and visualization techniques are presented in Chapter 
2. Chapter 3 contains the first published manuscript which analyzed the thawing and desaturation 
process of the cold-start GDLs, focused on the global scale. Based on the results and problems 
discovered in Chapter 3, Chapter 4 contains the second published manuscript which further 
analyzed the GDL cold-start at the local scale. Chapter 5 discusses the main conclusions drawn 
from this project and recommendations provided for future research. The references are provided 
at the end of each associated chapter. 
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Chapter 2. Literature Review 
2.1 PEM fuel cell water management 
For better fuel cell performance and steady fuel cell operation, the water content within the 
fuel cell system needs to be maintained in an optimal range. In general, the influences of water 
content on the PEM fuel cell can be summarized as follows [1]: 
1. Membrane electrode assembly (MEA) must be maintained in hydration state during the 
operation since the water content is proportional to the conductivity of the electrolyte. 
Insufficient water content would increase the ohmic resistance which would lead to cell 
performance loss.  
2. Extra liquid water may flood the catalyst layer and block the mass transfer to the active 
sites. However, insufficient water would decrease the catalyst activity. 
3. Liquid water may flood the GDL and block the pores which connect the gas channels and 
the catalyst layers. It will induce the mass transfer limitation to the active sites which 
leads to performance loss. 
4. Excess liquid water may block the gas channels. It may cause the fuel or oxidant 
starvation, which may lead to performance loss, cell voltage reversal, and unwanted side 
reactions. 
5. The reaction rate may be reduced as the reactants stream been diluted when there is too 




Figure 2.1. PEMFC different water movements through the electrolyte 
As shown in Figure 2.1, water content could be transferred in the PEM fuel cell system in 
the following ways [2]: 
1. Water formation on the cathode side as the product during the electrochemical reaction. 
2. Due to electro-osmotic drag, water on the anode side will continuously transport into the 
cathode side during operation. For every 1 hydrogen ion, about 1 ~ 5 water molecules 
will be carried to the cathode side through the membrane. 




4. Water content would be introduced from and purged to the external system. Fuel and 
oxidant streams are usually humidified at the inlet to prevent fuel cell dehydration. Also, 
excess liquid water has to be removed from the fuel cell system to prevent liquid water 
buildup. 
In the normal operating temperature (higher than 60°C), only considering the internal water 
transfer, the drying effect from the gas streams would usually be higher than the water production 
rate from the electrochemical reaction, where the PEM fuel cell would naturally be dehydrated 
during the operation. It can often be overcome with the pre-humidifying protocol to increase the 
humidity of the gas streams up to 100 %. Methods such as direct water injection, water bubbler 
humidifier, and water recycle system can be applied to either oxygen or hydrogen stream, or 
sometime both streams, depending on the operating conditions. 
On the other hand, in the low operating temperature, the water production would often be 
higher than the water removal rate, especially at high current density. Also, due to water transfer 
through the membrane, water content may build up in the cathode side when the anode side remains 
in the optimum hydration range. Water flooding would occur in various components of PEM fuel 
cells and reduce the mass transfer rate of the reactant gas. Therefore, additional purging with high 
velocity dry gas may be applied to remove the excess water from the system. 
To achieve high performance, the water content in the PEM fuel cell system needs to be 
balanced for sufficient membrane hydration and low water flooding. The complexity of the 
microscale transfer phenomena and the liquid/gas two-phase flow in the fuel cell system poses 
challenges on fully understanding the water behaviors through the modeling and experiments. 
Therefore, water management is still one of the key challenges for PEM fuel cell 
commercialization. 
2.2 Gas diffusion layers 
Gas diffusion layers (GDLs) are one of the key components in PEM fuel cell stacks. As a 
thin conductive porous media layer placed between the bipolar plate and the catalyst 
layer/membrane, the GDL has multiple functions: bridge of mass transfer between the channel and 
catalyst layer which ensures even gas distribution and fast water removal, heat transfer media 
during the cell operation; electrodes which transfer electrons between the catalyst layer and the 
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bipolar plate; and structure support for the catalyst and membrane. Playing a critical role in water 
management, GDLs help the excess water content being removed from the reaction sites through 
its porous channels. Poor water management could sometime lead to water flooding in the GDL 
and block the gas diffusion to the catalyst layer, which then limits the cell performance. 
 
Figure 2.2. Scanning-electron microscope (SEM) images of TGP-120 GDL with various PTFE loadings 
[3] (With permission from IOP Publishing, Ltd.) 
In the current design, GDLs used in PEM fuel cells are commonly made of carbon fibers 
as shown in Figure 2.2, owning to its high porosity (75 % - 90 %), excellent electrical and heat 
conductivity. In production, GDLs are often integrated with the catalyst layers and membrane into 
the membrane electrode assembly (MEA). Polytetrafluoroethylene (PTFE) treatment could be 
applied on carbon fibers to increase the GDL hydrophobicity. Also, the microporous layer (MPL) 
could be coated on the surface of GDLs to decrease the water droplet size closed to the catalyst 
layer and reduce the GDL saturation. Combining these two treatments, liquid water could be 
quickly removed to prevent the water buildup during the high current operation. 
2.3 Operation under subzero temperature and cold-start 
Automobile is one of the most interested applications for commercialized PEM fuel cells. 
To replace with the fossil fuel engines, PEM fuel cells are required to normally operate in different 
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conditions including the subzero temperature range. In the normal operation phase, heat generates 
during the electrochemical reaction would overcome the cold surrounding temperature to remain 
a high temperature in fuel cells. However, in the start-up phase under cold weather, the fuel cell 
would operate below 0°C. The residual water from the shut-down phase and the generated water 
during the start-up phase would freeze in the channels, GDLs, catalyst layers and will not be 
quickly removed until the cell reaches above 0°C. The following problems may occur due to the 
ice formation: 
1. The volume expansion due to freezing may cause the mechanical damage on the PEM 
fuel cell, such as cracking and piercing on the bipolar plates and MEAs. These 
mechanical damages may cause the temporary or permanent performance degradation, or 
in more serious cases, cause leakage and lead to failure on the entire fuel cell [4]. 
2. Similar to the water flooding, the solid ice in the PEM fuel cell could limit the mass 
transfer and then decrease the cell performance. However, the ice blockage may last for 
serval minutes during the cold-start. A massive ice formation may cause the fuel or air 
starvation as reactants being used up due to the blockage, and in consequence, cause cell 
reversal. It is a phenomenon that the electric potential of the fuel cell decreases or even 
becomes negative. Instead of generating power, the fuel cell would consume electricity 
from the battery. Side reactions such as the carbon corrosion would dominate the 
reactions. It may lead to irreversible cell damage on the catalyst, membrane, GDL or 
even the bipolar plate [5]. The cell reversal may happen in normal operating conditions 
due to uneven gas distribution or flooding. It would become a more serious problem in 
cold start due to the long-lasting ice blockage. 
For the ice formation related to the residual water, gas purging is considered to be the most 
effective solution. High velocity, high pressure dry gas stream (reactants stream or nitrogen) would 
flow through the cells during the shut-down phase to remove the majority of the liquid water from 
the channels and the MEAs. For the generated water during the cold-start, heating is usually 
applied to the fuel cell stack to reduce the operating time below the freezing point. Methods 
including the external heating (using the external heating sources such as hot coolant or heating 
coils) and the internal heating (using the heat generated within the stack) could be applied to 
quickly increase the stack temperature [6]. 
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2.4 Visualization techniques on PEM fuel cell 
To qualitatively or quantitatively study the PEM fuel cell water management from 
experiments, two approaches are commonly used. One approach focuses on the in-situ 
measurement of PEM fuel cell parameters including voltage, current, flow rate, pressure, humidity, 
heat generation and then evaluate the overall water management base on the cell performance. The 
other approach is in-situ visualization, by which the water transfer is directly observed in areas of 
interest. The overall water management of the PEM fuel cell may not be captured through 
visualization due to the limited field of view, however the water behavior can be observed inside 
of the cell components within a localized area. Liquid water in PEM fuel cells can be observed 
using the visualization techniques including optical photography, nuclear magnetic resonance, 
neutron imaging, and X-ray imaging [7]. 
2.4.1 Optical photography 
Optical photography can be applied by directly viewing PEM fuel cells through the 
microscope or cameras. It can provide the real time information about the dynamic change of liquid 
water in the flow field and the surface of GDL, when varying the operating parameters.  The cell 
components (i.e.: bipolar plates) need to be replaced by the transparent material in order to observe 
the water behavior in-situ. The spatial and temporal resolution are only limited by the microscope 
magnification and the camera capture speed. The resolutions of the optical approaches are usually 
lower than the other visualization methods. 
2.4.2 Nuclear magnetic resonance (NMR) 
In nuclear magnetic resonance (NMR), the emitted radio-frequency signal from the special 
atomic nuclei is collected to provide the image contrast. The specific atomic nuclei with non-zero 
spin moments such as 1H would be excited by a strong static magnetic field and absorb a radio-
frequency signal. The excited nuclei would then resonate at a detectable frequency which is 
proportional to the applied magnetic field [8]. In study the water distribution in the PEM fuel cell, 
the presence of water molecules can be detected by measuring the resonated radio-frequency signal 
from the exited 1H, where an example is shown in Figure 2.3. The in-plane spatial resolution of 
the NMR is limited to 400 x 25 µm, and the temporal resolution is limited to 50 s [9]. NMR can 
provide useful data in imaging the water content in the gas channels and membrane; however, it is 




Figure 2.3. 1H NMR microscopy apparatus for PEM fuel cell investigation and sample images reported by 
Feindel et al. [10]: (a) PEM fuel cell schematic, (b) 500 mm slice image containing the MEA, (c) 750 mm 
slice image containing a water filled flow field, and (d) photograph of the fuel cell cross-section. (With 
permission from Royal Society of Chemistry) 
2.4.3 Neutron imaging 
Neutron imaging measures the attenuation of the neutron beam after it passes the scanned 
object and the attenuations for different materials are based on their neutron attenuating properties. 
The attenuation of the signal is proportional to the material composition. As the example shown in 
Figure 2.4, the neutron imaging technique is suitable for visualizing the water content in the PEM 
fuel cell and GDL due to the neutron’s sensitivity of hydrogen containing compound such as water, 
and is insensitive to the cell materials such as graphite [11]. The neutron imaging can provide a 
spatial resolution of 100 x 100 µm, and the temporal resolution is limited to 5.4 s [12,13]. These 
resolutions are insufficient to study the through-plane water transfer and the water droplet 
movement. For in-plane visualization, it is difficult to distinguish the presence of water in the GDL 
from the water in the flow channels [14]. Neutron imaging is also limited by its availability and 




Figure 2.4. Neutron images for a PEM fuel cell reported by Turhan et al. [15] with (a) 48 channel-GDL 
interfaces and (b) 12 channel-GDL interfaces at a current density of 0.2 A/cm2 showing the increase in 
liquid water accumulation associated with a higher number of channel-GDL interfaces. (With permission 
from Elsevier) 
2.4.4 X-ray imaging 
Similar to neutron imaging, X-ray imaging measures the attenuated X-ray beam after it 
travels through the scanned object and is partially absorbed by the materials, where the attenuations 
are based on the density of the materials. By measuring the transmitted signal, X-ray imaging can 
provide a three-dimensional map of adsorption within the sample. This technique has been used in 
studying the water distribution in the PEM fuel cell and the GDL structure, due to that the contrast 
could be provided through a density difference between liquid water/cell materials and vacant 
volume (gas). By employing synchrotron as the X-ray source for visualization, the scanning speed 
can be greatly increased due to its the high photon flux. The spatial resolution of the synchrotron 
X-ray imaging is reported as 3-7 µm, and the temporal resolution is 4.8 s, according to the literature 
[16].  
In PEM fuel cell visualization studies, computed tomography (CT) is commonly applied 
along with X-ray imaging. By taking multiple scans in different angles of a sample, the 2D 
projections can be reconstructed into 3D tomographic images. As shown in Figure 2.5, the more 
projections taken in each CT would increase the quality and accuracy of the 3D images. In 
visualizing the water management, applying CT scan makes it possible to observe the inside of the 
cell without physically cutting it. Combined with the contrast difference, the 3D tomographic 
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images can be segmented into different sections such as liquid water, GDL fiber, MPL to obtain 
the 3D geometry model, as shown in Figure 2.6. 
 
Figure 2.5. Demonstration of the increased image quality for the reconstructed CT as the number of 




Figure 2.6. Classification result for the dry and operated cell states. A: dry state input, B: classified dry 
state, C: classified operated state, D: operated input, E: All classified fuel cell materials in 3D-view [18]. 
(With permission from Elsevier) 
Several existing studies via synchrotron X-ray imaging have proved that this visualization 
technique is capable of studying the GDL water management and PEM fuel cell cold-start. Zenyuk 
et al. [19] measured the water evaporation rates for several GDLs with the conditions of 200 and 
600 ml/min gas flow rate at 30 °C, using the 3D water mesh segmented from X-ray CT images. 
Battrell et al. [20,21] visualized the desaturation process of the saturated GDLs both in global and 
localized areas, assessing convection and evaporation with 50 ml/min gas flow rate. Otsuki et al. 
[22] measured the solidification heat from supercooled water using thin-film thermocouples and 
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visualized the ice distribution via X-ray CT after several cold-start operations. By in-situ 
visualization of water production and water transfer via synchrotron X-ray CT, Mayrhuber et al. 
[23] investigated the mechanism of the performance drop during the cold-start operation of PEM 
fuel cells.  
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Contribution of this chapter to the overall study  
In this chapter, the water removal in a cold-start GDL was visualized via synchrotron X-
ray imaging. Both qualitative and quantitative analysis were performed on the thawing and 
desaturation process, with multiple air purging rates and GDL hydrophobicity employed as 
controlled parameters. Dynamic colormaps and 3D geometry models were constructed to study the 
heterogeneity of GDL water transfer during the thawing and desaturation process. 
3.1 Abstract 
The visualization of the thawing and desaturation process on an initially saturated, frozen 
gas diffusion layer (GDL) with a serpentine gas flow channel was performed based on 
synchrotron X-ray computed tomography images. High speed CT scanning during the 
experiments allowed the dynamic desaturation process to be quantified under the cold-start with 
air purging condition. The saturation profiles and the desaturation rates were studied over the 
entire GDL domain, through-plane, and in selected regions of interest for localized behavior. 
Sigracet® 35AA and 35BA GDLs were selected for the experiments to study the effects of GDL 
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hydrophobicity. Along with the real-time saturation profiles, the average desaturation rates for 
the entire GDL domain over the whole purging process were 0.000186 µL cm-2 s-1, 0.000470 µL 
cm-2 s-1, 0.000516 µL cm-2 s-1 and 0.000901 µL cm-2 s-1 with the superficial gas velocity of the 
purging air at 2.88 m/s, 4.26 m/s, 5.98 m/s and 9.02 m/s, respectively. In addition, the dynamic 
saturation contours and 3-D GDL geometry models were constructed to show the liquid water 
movement through a GDL. Although the GDL desaturation curves for each experiment share 
similar trends, the results show that different conditions including air flow rate, GDL geometric 
location, initial water saturation, and GDL boundary condition could cause heterogeneous 
desaturation behavior on both overall and localized GDL regions. These data provide valuable 
information for future modeling studies that involve the thawing process in the GDL, and could 
be used to optimize the cell design and develop cold-start protocols.  
Keywords: PEM fuel cell, gas diffusion layer, X-ray radiography, cold-start, desaturation, 
heterogeneity  
3.2 Introduction 
Proton-exchange membrane fuel cells (PEMFCs) are considered as a promising solution 
to replace fossil fuel engines in applications such as automobiles and backup power, owing to 
their high energy efficiency, zero local emissions, and low operating temperature (50 - 100 °C) 
[1-6]. The key components of a single PEM fuel cell included the ionic membrane, an anode and 
cathode catalyst layer, gas diffusion layer (GDL), and gas channels. Hydrogen and oxygen gas 
are introduced to the anode side and cathode side gas channels separately, then diffuse through 
the GDLs to the catalyst layers. The reaction is an exothermic electrochemical reaction with 
production of water on the cathode side. Water management is essential in fuel cell operation and 
remains one of the major challenges for a successful PEM fuel cell design. Sufficient water is 
favorable in the PEM fuel cell to prevent performance loss and cell degradation from membrane 
dehydration, but excess water must be removed from the PEM fuel cell to prevent water 
blockage [7,8].  
In applications such as automobiles, the fuel cell is required to start up and operate in 
various environments such as subzero temperature. For instance, the Department of Energy in 
the United States set the target of achieving successful unassisted cold-start from – 30 °C, and 
General Motors Corporation aimed for unassisted cold-start from – 40 °C [5-9]. Under the 
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subzero temperature, the residual water in the fuel cell system can freeze with volume expansion, 
which can lead to irreversible cell performance loss due to physical damage of the cell 
components [10-13]. In low temperature operation, ice in the channels and the membrane 
electrode assembly (MEA) could limit or even completely block the reactant gas from reaching 
the catalysts. It could lead to the gas starvation, where the reactant gas supplies fail to meet the 
stoichiometric requirements of the fuel cell. Consequences such as carbon corrosion, catalyst 
degradation, and cell reversal could occur due to gas starvation, and in the long term this reduces 
the lifetime of the fuel cell or causes cell failure [14-19]. Purging on the anode and/or cathode 
side is a common solution for the cold-start problem, where the residual water is removed with 
the pressurized dry gas streams such as air or N2 [20-22]. As the bridge of water and gas transfer 
between the channels and the catalyst layers, water management in GDLs had received 
increasing attention in research, both in experimental and numerical methods. However, the 
water transfer phenomena in this porous media is still not well understood. 
In experimental studies, water management in GDLs generally has two approaches. One 
of them focuses on measuring parameters such as current density, voltage, pressure, humidity, 
and heat transfer on the operating PEM fuel cell or stack to evaluate the efficiency of the water 
management [23-26]. The other method focuses on the localized water transfer phenomenon and 
its effects insides the pores of the GDLs. Visualization techniques such as X-ray 
microtomography, which measures the absorbed photon signals as it travels through the samples 
based on the mass attenuation coefficient of the materials, supports quantitative and qualitative 
measurements of the distribution and dynamic movement of water inside the GDLs [27-32,35-
37]. The high photon flux synchrotron X-ray and the computed tomography (CT) technique 
makes it possible to capture high spatial and temporal resolution three-dimensional images for 
the dynamic water transfer process [32]. Compared with the conventional X-ray CT, the high 
speed synchrotron based CT scan significantly increases the accuracy in capturing the water 
distribution by reducing the scanning time required for each CT as the motion artifacts from the 
liquid water movement within a single CT scan can be minimized.  
Using synchrotron X-ray CT, numerous studies have visualized water in the GDL, though 
most of these studies have focused on above freezing temperature conditions. Lamibrac et al. 
[27] characterized the liquid water saturation as a function of the capillary pressure from X-ray 
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CT data for the microporous layer (MPL) coated GDLs. The effects of GDL compression on the 
water distribution was studied by Ince et al. [35], which showed that the in-plane water 
distribution increased in both MPL and GDL porous structure as the compression level 
increased. Research by Markötter et al. [36] visualized the increased hydrophilicity in water 
distribution around the holes of perforated GDLs. Zenyuk et al. [29] measured the water 
evaporation rates for several GDLs with the conditions of 200 and 600 ml/min gas flow rate at 
30 °C, using the 3D water mesh segmented from the X-ray CT images. Battrell et al. [30,37] 
visualized the desaturation process of the saturated GDLs both in global and localized areas, 
assessing convection and evaporation with 50 ml/min gas flow rate. 
Several visualization studies have also focused on the subzero temperature conditions, or 
on the freezing/thawing process in GDLs. Siegwart et al. [7] demonstrated the methods for 
visualizing the dynamic phase change of water in 2D during the isothermal PEM fuel cell cold-
start using neutron imaging, where ice was successfully distinguished from liquid water via 
contrast difference. Oberholzer et al. [38] visualized water accumulation during the isothermal 
cold-start with in-plane neutron imaging. Otsuki et al. [39] conducted in-situ measurements of 
the solidification heat from supercooled water using the thin-film thermocouples and visualized 
the 3D ice distribution inside the GDL after several cold-start conditions using X-ray CT. Kim et 
al. [40] used X-ray tomography in visualizing the GDL structure’s deformation after freezing the 
pre-saturated GDL. Mayrhuber et al. [41] investigated the mechanism of the performance drop 
during the PEM fuel cell cold-start by in-situ visualization of the water production and transfer 
via synchrotron X-ray CT. Kim et al. [33,34] quantitively measured the heterogeneous 
distribution of the GDLs porosity, as well as reconstructed the 3D structure from the X-ray CT 
images of the GDLs after the freeze/thaw cycles. They investigated physical damage on the GDL 
material and structure such as irreversible porosity changes.  
For GDL water management at normal and at subzero operating temperatures during 
cold-start, there are still many gaps to fill in order to have a clear understanding of the water 
transfer phenomenon. Most of the existing visualization research about the GDL water behavior 
were performed with a fuel cell in an idle state, where the total exposure time could take several 
minutes. Monochromatic beam with lower beam energy can provide a better result in spatial 
resolution and material contrast, but it is too slow to capture the dynamic water transfer. Limited 
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by the apparatus, the studies on the dynamic process often only captured 2D or low resolution 
3D data. It becomes more challenging in experimental design when involving the subzero 
temperature condition, where the scanning time could be highly sensitive. Therefore, the 
dynamic freezing, thawing and water transfer processes in the cold-start GDL are not well 
explained. Continuing the research performed by Battrell et al. [37] at ambient conditions, the 
cold-start condition was applied in this experiment. The saturated GDLs were initially frozen to 
simulate residual ice at the subzero temperature. Although this condition was not generated 
through active fuel cell cold-start operation, it could still simulate the rapid ice formation with 
the liquid water heterogeneously produced across the domain. This could be caused by non-
homogenous current distribution throughout the catalyst layer, typically with high current density 
and poor cold-start management [42]. Furthermore, the experiment considered multiple GDL 
samples (Sigracet® 35AA and 35BA graphite GDLs) and air purging rates (10, 20, 30, 50 
ml/min). New X-ray detector and noise removal methods were used to improve the image 
resolution and data process. These dynamic GDL thawing and desaturation processes with a 
serpentine flow channel and 16 mm diameter GDL were captured with high speed synchrotron 
X-ray CT. The high-resolution images were further processed and analyzed both through the 
entire GDL domain and in a smaller region of interest. Realtime colormaps and 3D models were 
also constructed to demonstrate the localized water behavior. This research provides valuable 
information for future experiments and numerical simulations on the GDL water transfer and the 
freezing/thawing process.  
3.3 Methodology 
The experiments were designed based on the study by Battrell et al. [37] with several 
improvements and modifications on experimental conditions to fulfill the research objectives. 
These modifications on equipment, procedures, and image processing also increased the quality 
of the data analysis. Tests considered the Sigracet® 35AA and 35BA carbon fiber GDLs, which 
are the same series of GDL products and shared the same design and process methods with 
similarity in porosity (88.4 % and 89.0 %, respectively), and the GDL thickness is slightly 
increased from 255 µm to 280 µm [44]. The key difference is hydrophobicity, where 35BA 
GDLs have an additional 5% polytetrafluoroethylene (PTFE) loading compared with 35AA 
GDLs, resulting in higher hydrophobicity level [44,45]. 
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For each trial of experiment, the 16 mm diameter dry state GDL sample was first 
assembled into a backup test cell. In this cell, the GDL was injected with 0.05 ml/min liquid 
water flow from the water channel by a syringe pump (NE-1000, New Era Pump Systems Inc.) 
[43] for 3 minutes at ambient temperature. The sample GDL was saturated as the water flowed 
through the GDL to the gas channel. By saturating the GDLs outside the test cell, it minimized 
ice blockage in the tubes and channels of the test cell caused by residual water. The saturated 
GDL was then transferred into the test cell, and a CT scan was performed on the GDL area to 
establish the initial GDL saturation. The residual water in the GDL was then frozen by placing 
the test cell in a -80 °C freezer for 20 minutes, which simulated the frozen PEM fuel cell GDL 
before the cold-start post-shutdown phase. Then the test cell, with frozen GDL inside, was 
quickly mounted on the CT rotation stage, and the air inlet/outlet lines were connected to the test 
cell at ambient temperature (22 °C) and dry conditions (0 % humidity). Flow from the 
compressed air tank was set at 10 ml/min, 20 ml/min, 30 ml/min and 50 ml/min depending on 
the experimental conditions, corresponding to 2.88 m/s, 4.26 m/s, 5.98 m/s and 9.02 m/s 
superficial gas velocity in the gas channel. Once the air was flowing, CT scans were performed 
in 2 minutes intervals for a total of 30 minutes in order to capture the dynamic water transfer 
during the GDL thawing process. This continuous air purge was designed for two purposes: 1. 
To simulate dry gas purging in the cold-start protocols; 2. Increase the speed of liquid water 
removal compared to evaporation. After the continuous CT scans, a 5 minute air purge at 100 
ml/min was applied to the GDL to reach the dry state, and an X-ray CT was captured of this dry 
GDL as the baseline. In each experiment trial, the sample GDL remained in the test cell 
untouched as soon as the cell was assembled to minimize the position change of the captured 
images during the scan. The assembled cell on the X-ray stage is shown in Figure 3.1-A. 
3.3.1 Test cell design and setup 
 The test cell used in this experiment simulated the cathode side of a single PEM fuel cell 
unit. The disassembled test cell is shown in Figure 3.1-B, where the sample GDL, shown in 
Figure 3.1-C, was placed between the gas and water channels when assembled. The edge of the 
GDL-channel area was sealed with gaskets. The gas and water channels, shown in Figure 3.1-D, 
were identical, each 40 mm length in serpentine shape, with 1 mm (w) x 0.5 mm (h) cross 
sectional area. Polyether ether ketone (PEEK) was selected as the cell material for its high 
durability and low X-ray absorption rate (X-ray mass attenuation coefficients = 0.509 cm2/g), 
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and the total available X-ray for scanning was 54.6 % of the original energy after it penetrated 
the cell walls. During the experiment, the inlet/outlet of the water channel were sealed, which 
forced the purging air to flow along the gas channel. 
 
Figure 3.1. A) Experimental setup in X-ray scanning chamber, with the test cell mounted on the rotation 
stage and air tubes connected; the scan area and the beam path were highlight in red. B) disassembled test 
cell displaying the water channel and the gas channel. C) Sample GDL used in experiments, cropped in 
16 mm diameter. D) Reconstructed X-ray CT image demonstrating gas channel with air inlet and outlet 
labeled. 
3.3.2 Synchrotron and CT setup 
All the experiments for this research were performed at the Bio-Medical Imaging and 
Therapy (BMIT) 05B1-1 beamline in the Canadian Light Source Inc., the 3rd generation 
synchrotron facility located in Saskatoon, Canada [46]. The filtered polychromatic beam with 
high photon flux made it possible for the high resolution and high-speed CT, which was able to 
capture the dynamic water movement inside the GDLs with minimized motion artifacts in each 
scan. 2000 projections were captured in 10 seconds during each CT scan using a detector (a high 
speed camera DIMAX HS4 (PCO) combined with a beamline monitor AA40 (HAMAMATSU)) 
with the pixel size of 5.3 µm, and a Field of View (FOV) of 10 mm x 1.5 mm. The small FOV 
set reduces the readout time and enables the test to cover the entire GDL area in the vertical 





images, where the scan area and path of the X-ray are highlighted in Figure 3.1-A. The test cell 
was immobilized on the rotation stage with a strong magnetic mount, and the stage was 
controlled to return to the same position before each CT scan to keep consistency of the GDL 
orientation in the images at different time points. 
3.3.3 Image processing and calculation 
Raw 2D projection images from the CT scan were first reconstructed with ultra-fast 
imaging and online reconstruction - Karlsruhe Institute of Technology (UFO-KIT) [47, 48]. 
Background correction was performed using dark-field and flat-field images to remove artifacts 
which might be introduced from the filter and detector. Phase retrieval, with delta/beta ratio = 50, 
was applied along with the reconstruction for the phase contrast imaging method. It can also 
reduce noise from the oscillation of the polychromatic beam. Figure 3.2-A shows a slice of the 
32-bit black-and-white reconstructed image, where the brighter color represents the GDL 
structure (carbon fiber), water and ice, and the darker color represents unoccupied space (air). 
The same image format was used for all the later processing and calculation. These reconstructed 
CT images were then imported into ImageJ 1.52a for segmentation and calculation. Outlier 
removal was applied by slightly calibrating the images using the reported porosity value for the 
GDL product while not over-modified to damage the image quality. The GDL material and the 
water/ice mixture were identified by tuning the threshold on the grayscale. Figure 3.2-B shows a 
slice of image with the threshold on the grayscale set to -7.00 x 104, where all the non-vacant 
area is segmented and highlighted in red. As the histogram of the image shows in Figure 3.2-C, 
the regions of the carbon fiber/water/ice on the grayscale overlapped (highlighted in red box), 
especially for the water/ice due to insignificant density difference. With the images from the 
high-speed polychromatic beam X-ray CT, it is difficult to identify the carbon fiber/water/ice 
from each other only via the image contrast. Therefore, the liquid water/ice mixture in each CT 
scan was distinguished from the carbon fiber by subtracting the fiber structure in the images of 
the dry state GDL from the images of the wet GDL. A smaller circular area compared to Field of 
View shown in Figure 3.2-B, centered with the channel location, was used for further calculation 
to avoid the truncation artifacts along the edge of the image. The percentage-saturation of the 
GDL was calculated as the water/ice mixture volume divided by the total pore volume in the dry 
state GDL. The desaturation rate of the GDL was calculated as the change in the mass of 
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water/ice mixture over 4 minutes divided by cross sectional area of the GDL. Avizo 9.3 was used 
for 3D visualization of the localized liquid water/ice transferring in the GDLs.  
 
Figure 3.2. A slice of reconstructed CT image from 35AA GDL with 20 ml/min air purging rate at 10 
minutes. A) Reconstructed image. B) Segmented with selected threshold. C) Histogram of the grayscale. 
3.4 Results and discussion 
3.4.1 Saturation profile and desaturation rate over the entire GDL domain – effects of the air 
purging rate and GDL hydrophobicity 
Sixteen CT scans were captured for each trial to cover the 30 minutes thawing and 
desaturation process, with the air purging rate set to 10, 20, and 30 ml/min, corresponding to 
2.88 m/s, 4.26 m/s and 5.98 m/s superficial gas velocity. For the trial with 50 ml/min air purging 
rate (9.02 m/s superficial gas velocity), only 15 minutes were captured due to the higher rate of 
change of the water content. The experiments were performed in the incremental order of the air 
purging rates and were performed on the same GDL sample as the experiments progressed. 
Based on the collected CT images, the dynamic saturation profile over the entire GDL 
domain was analyzed for each experimental trial to study the effects of the air purging rate, 
shown in Figure 3.3-A and B. By comparing the plots, the saturation profiles of all the 
experimental cases share a similar trend. Initially, the curves were almost flat from 0 to 10 
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minutes, corresponding to ice thawing. Then, the saturation decreased, meaning water was 
removed from the GDL. Finally, the curves started to flatten again at approximately 20 to 30 
minutes. The initial saturation of each trial increased as the experiments proceeded, though the 
procedures and the GDL sample were identical through the experiments. For example, the initial 
saturation for the 35AA experiments increased from 6.04%, to 11.9%, and then 16.2% for the 
cases of 10, 20, and 30 ml/min air purging rates, as more experiments had been done to the same 
GDL sample. To verify this observation, few experiments were performed using a brand new 
35AA GDL sample with the air purging rates in a decremental order. The initial saturation 
increased from 3.99 % to 11.9 % for the cases of 30 and 10 ml/min air purging rates. No 
significant porosity difference was found from the GDL samples after each trial, as the overall 
porosity of the dry GDL in the cases of 10, 20, and 30 ml/min air purging rates only had a 
1.16 % difference and no trend in porosity change was noted as a function of the flow rate. This 
difference in initial saturation could occur possibly due to the GDL experiencing irreversible 
damage during the rapid freezing and water injection, which may include fiber cracking and 
minor GDL structure deformation without considerable porosity changes. 
 
Figure 3.3. Dynamic saturation profiles for A) 35AA GDL, B) 35BA GDL over the entire GDL domain, 
with 10, 20, 30, and 50 ml/min air purging rates. 
The average desaturation rates over the purging process are shown in Table 3.1. Battrell 
et al. [37] reported 0.0030 µL cm-2 s-1 as the overall desaturation rate with a 35AA GDL with 50 
ml/min air purging rate. Despite similar cell geometry and procedures, that work did not include 
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the freezing and thawing, thus the average desaturation rates in this experiment were similar but 
lower in magnitude.  
Table 3.1. Average desaturation rate for the whole purging process over the entire GDL domain 
 10 ml/min 20 ml/min 30 ml/min 50 ml/min 
Desaturation rate (µL 
cm-2 s-1) 
35AA 0.000173 0.000563 0.000425 0.00121 
35BA 0.000198 0.000377 0.000606 0.000593 
 
The desaturation rates were also analyzed for the entire GDL domain based on the same 
experimental data, shown in Figure 3.4-A and B, where the desaturation flux was calculated in 
the average of 4 minutes. These plots exhibit similar behavior to the dynamic saturation profiles. 
The desaturation rates were close to 0 µL cm-2 s-1 for the first 5-10 minutes, where the 
temperature of the GDL increased via convection but did not reach the melting point. In the next 
phase, water thawing and removal occurred in the GDL. The water removal rate increased as 
more water transformed into the liquid phase, which corresponded to the increase of the 
desaturation rate from approximately 5 to 15 minutes. As the desaturation rate reached the peak, 
for 35AA GDL with 50 ml/min, the desaturation rate is similar to the liquid water removal rate 
reported by Battrell et al. [37], which indicated that the GDL was completely thawed at this 
moment. For the rest of the purging process, the desaturation rate decreased to 0 µL cm-2 s-1 
where most of the water content was removed from the GDL. In the last phase, the desaturation 
rate fluctuated around 0 µL cm-2 s-1. For comparison, the overall GDL desaturation plot on 35AA 
GDL with 50 ml/min air purging rate from Battrell et al. is shown in Figure 3.5, where the 
experiment was performed at ambient temperature. Without the cold-start condition involved, the 
desaturation rate is a non-zero value at the beginning of the purging process. For the first 15 
minutes, the desaturation for the ambient temperature GDL was approximately linear at 0.0018 
µL cm-2 s-1, which is different from the increasing desaturation for the frozen GDL. The negative 
desaturation rates observed during the purging process with cold-start condition indicated that 
water may enter the GDL system. Due to the through-plane pressure difference caused by the 
purge flow, a small amount of water from the droplets and water films attached to the bottom 
surface of the GDL could be sucked into the GDL porous network. This liquid water was then 




Figure 3.4. Dynamic desaturation profiles for A) 35AA GDL, B) 35BA GDL over the entire GDL 
domain, with 10, 20, 30, and 50 ml/min air purging rates. 
 
Figure 3.5. Comparison of desaturation profiles for 35AA GDL with 50 ml/min air purging rate, with or 
without the cold-start conditions (data for the desaturation profiles without the cold-start conditions was 
presented by Battrell et al. [37]) 
The average desaturation rates for the whole purging process shown in Table 1, and the 
peak desaturation rates shown in Figure 3.4, generally increase with higher air purging rates. 
Also, the lengths of the first two phases, which are the warmup and the thawing/water removal 
process, generally decrease with increasing flow rate and shift to the left on the desaturation plots 
shown in Figure 3.4. These results indicate that in the large scale of the GDL domain, the 
thawing and desaturation processes speed up as the air purging rate increases. Two outliers, 
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35AA with 30 ml/min and 35BA with 50 ml/min air purging rate, were detected during the 
analysis from the lower than expected average desaturation rates and the abnormal desaturation 
profiles. The cause of these outliers, strong heterogenous behavior in the GDL desaturation, is 
discussed in Section 3.4.3. 
In studying the effects of the GDL hydrophobicity, the 35BA GDL was tested with the 
same air purging rates. The 35BA GDL has 5 % PTFE filling vs. 0 % with 35AA GDL, 
increasing the hydrophobicity. Data from Table 1 show no clear trends in the average 
desaturation rates when shifting from 35AA to 35BA GDLs. Also, the time taken in each phase 
of the thawing and desaturation process shown in Figure 3.4 are similar with both GDLs. It 
indicates that the GDL hydrophobicity has only limited effects on the overall thawing and 
desaturation process. However, the peak values of the desaturation profiles shown in Figure 3.4 
decrease as the GDL hydrophobicity increases (excluding the outlier cases). Also, the GDL 
hydrophobicity shows major effects on the GDL initial saturation. The initial saturation levels 
increase by 3.31, 2.37, 1.77, and 1.97 times from 35BA to 35AA GDLs in the cases of 10, 20, 
30, and 50 ml/min air purging. 
3.4.2 In-plane heterogenous water distribution and desaturation  
Based on observation and previous research, a high level of heterogeneity can occur in 
the saturation and desaturation process in a large scale GDL domain. Due to this heterogeneity, it 
is not precise to describe the level of water blockage in a GDL with the overall GDL saturation. 
For instance, 10 % average saturation was observed for 35AA with 20 ml/min air purging rate at 
12 minutes, with 30 ml/min at 18 minutes, and with 50 ml/min with 12 minutes. However, the 
colormap contours and the histograms of the saturation level shown in Figure 3.6 indicate the 
unequal water blockage levels spatially in the three cases. These contours were constructed by 
segmenting the entire circular GDL field of view with 1800 pixels in diameter into a square of 25 
x 25 pixels. The saturation value in each segment shown on the contour was calculated 





Figure 3.6. Colormaps (1) and histograms (2) based on the through-plane averaged saturation for A) 
35AA GDL with 20 ml/min air purging rate at 12 minutes B) 35AA GDL with 30 ml/min air purging rate 
at 18 minutes C) 35AA GDL with 50 ml/min air purging rate at 12 minutes. 
The water in the 20 ml/min case shown in Figure 3.6-A was widely distributed through 
the entire GDL domain with few higher water saturation spots. For the 50 ml/min case shown in 
Figure 3.6-C, the water distribution was more concentrated on the left side of the GDL, and more 
dry area occurred in the GDL compared to the 20 ml/min case. For the 30 ml/min case shown in 
Figure 3.6-B, water accumulated in a relatively small GDL area with few highly concentrated 
water spots. Thus, despite the same total saturation, the impact of the local saturation on PEM 
fuel cell behavior could be different in each case. 
For the large scale of the GDL domain, the water blockage level of the 20 ml/min case 
was the highest among the 3 cases, with 38.3 % of the GDL area dry where the saturation was 
lower than 1 %. The 30 ml/min case was the lowest in the general water blockage level with 
55.3 % of the GDL area dry, but it had the highest regional water blockage level, where the 
highest saturation in the water-concentrated spot was 66.0 %. Thus, it would be inaccurate to 
describe the water blockage level only in the terms of the overall GDL saturation. This is 
particularly true of continuum models that treat the porous media as one with homogenous 
properties, and the data here can serve as validation for local models such as done via pore 
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network models. Other parameters such as localized saturation and the distribution of the 
saturation should to be considered in future experimental and modeling studies. 
3.4.3 Localized saturation profile and desaturation rate – regional water accumulation 
As previously mentioned, two experimental cases, 35AA with 30 ml/min air purging rate 
and 35BA with 50 ml/min air purging rate, experienced lower overall desaturation than expected. 
For 35AA with 30 ml/min air purging rate, the colormap contours of the GDL desaturation 
process, using the same approach in Figure 3.6, are shown in Figure 3.7. A water accumulation 
region was found, which represents approximately 10 % of the GDL area, located at the upper-
left corner of the image above the air outlet. In this region, the desaturation rate of the GDL was 
negative through the entire purging process, indicating accumulation of water. The saturation 




Figure 3.7. Colormaps based on the through-plane averaged saturation of the desaturation process at 0, 8, 
16, and 24 minutes for 35AA GDL with 30 ml/min air purging rate, with the channel location, the air 
purging direction, and the water accumulation region. 
For this case, the desaturation rate for the overall GDL, the water accumulation region, 
and the other region are shown in Figure 3.8. The other region refers to the GDL area not in the 
water accumulation region. By deselecting the water accumulation region in the calculation, the 
average desaturation rate of the other GDL region increased from 0.000425 µL cm-2 s-1 to 
0.000526 µL cm-2 s-1, and the peak desaturation rate increased from 0.00171 µL cm-2 s-1 to 
0.00193 µL cm-2 s-1. The saturation level in the water accumulation region increased steadily 





Figure 3.8. Dynamic desaturation rate profiles for 35AA GDL with 30 ml/min air purging rate, which 
included the desaturation rate of the entire GDL domain, slow desaturation region, and the GDL area 
besides the slow desaturation region. 
The negative desaturation values and an increase in the saturation in the colormaps 
indicate that water was introduced and concentrated into this area instead of being purged out. 
This concentrating behavior of the water content was also found in other cases, but the area of 
the concentrated water spots was smaller and occurred in various regions. The purging could be 
inefficient in this dead zone, and water from the nearby region might be brought into this area via 
the air flow. Also, the volume expansion of the water content was counted in the saturation 
change as it transformed from ice into liquid. Assuming no water removal from the water 
accumulation region in 35AA 30 ml/min case, the volume expansion from ice melting could 
account for 26.5 % of the total saturation increase from 0 to 24 minutes.  
3.4.4 Localized saturation profile – through-plane heterogenous behavior  
The heterogenous behavior of the water saturation and desaturation happens not only in-
plane, but also occurs through-plane in the GDL. For this analysis, the GDLs were evenly 
divided into the top, middle, and bottom sections vertically. Each section was 53.0 µm and 68.9 
µm in height for the 35AA and 35BA GDLs, respectively. The dynamic saturation profile and 
desaturation rate of the 35AA GDL at 20 ml/min air purging rate are shown in Figure 3.9-A and 
B as examples. In terms of initial saturation, water tended to reside in the top and bottom GDL 
sections, where the middle GDL section contained a minimum level of saturation. Counting all 
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the experimental cases, the average initial saturation level of the top, middle, and bottom GDL 
section for the 35AA GDL was 24.5 %, 2.97 %, and 17.9 %, respectively. This result occurred 
even though injected water was forced to flow through the GDL from bottom to top in the initial 
saturation process. In terms of desaturation rate, the trend was not clear since other factors rather 
than the spatial parameter in the vertical direction such as GDL geometric location, initial water 
saturation, and GDL boundary condition may all play significant roles in the desaturation 
process.  
 
Figure 3.9. A) Dynamic saturation profiles and B) desaturation rate profiles of top, middle, and bottom 
35AA GDL sections with 20 ml/min air purging rate. 
When focusing on the water behavior in a localized area, additional information can be 
seen in the example shown in Figure 3.10. CT images of the GDL central area from the case of 
35AA 20 ml/min were processed into 3D models via Avizo 9.3. The 600 x 600 pixels (3.18 x 
3.18 mm) square highlighted in Figure 3.10-A covers the area of the center of the middle channel 
and two ribs beside it. The GDL fiber and the liquid water/ice mixture were segmented and 
reconstructed into grey and light blue, respectively. For easier demonstration, the top half of the 
GDL fiber structures were hidden in the 3D models, and the red lines were added onto the 
models to represent the boundary of the channel and rib. From 0 to 8 minutes, no significant 
water transfer was found in this region. From 8 to 16 minutes, the majority of the water content 
located at the top half of the GDL under the right rib was removed, and the water in the other 
region remained relatively stationary. From 16 to 24 minutes, all other water content was 
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removed except at the bottom half of the GDL under the left rib. It shows that the channel and 
GDL geometry play important roles in the desaturation, where the GDL under the channel and 
rib, or even under two different ribs, could be significantly different in the desaturation behavior. 
In terms of the vertical direction, water content seems to be removed from the top half of the 
GDL first then the bottom part.  
 
Figure 3.10. Localized 3D models of the thawing and desaturation process with channel location for 
35AA GDL with 20 ml/min air purging rate at 0, 8, 16, 24 minutes, with indication of A) data selection 
area. 
3.5 Conclusion 
Visualization and quantification of the thawing and desaturation process with dry air 
purging on frozen, initially saturated GDLs was performed using high speed, high resolution 
synchrotron X-ray CT. Data analysis was performed based on the CT images, focusing on the 
dynamic saturation profile and desaturation rates. In the large scale of the entire GDL area, 
similar trends were found for the desaturation process through all the experimental cases, which 
40 
 
considered air flow rate and GDL hydrophobicity. These trends included an initial thawing 
process, desaturation where water was removed from the GDL, and a final steady state water 
profile. The air purging rate has a major effect on the thawing and desaturation process, while the 
hydrophobicity of the GDL affects mainly the GDL initial saturation. Zooming in a smaller GDL 
area, heterogeneity was observed through the entire GDL domain. Data from segmentation 
(saturation contours and histograms) and localized 3D models show that the level of water 
blockage in a GDL locally can vary substantially, indicated that the GDL cannot be precisely 
characterized by the overall saturation value alone. Heterogenous behaviors, such as water 
accumulation spots and uneven desaturated GDL layers, were observed in-plane and through-
plane of the GDLs, affecting desaturation rates. These results expand the knowledge of the water 
transfer behaviors during the cold-start thawing process, and show the complexity in fully 
understanding the GDL water management. The heterogeneity of the GDL water behavior needs 
to be considered in future experimental and modeling works, as well as in the commercial PEM 
fuel cell design. 
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Contribution of this chapter to the overall study  
In this chapter, the thawing and desaturation process in a cold-start GDL was visualized 
via synchrotron X-ray imaging and quantitatively analyzed within a serpentine shape channel 
flow field. Multiple segmentation levels were applied on the GDL area based on the flow field 
geometry underneath. Studies on the localized areas showed how the air purging rate, purging 
distance, flow field geometry affected the water transport behavior during the GDL thawing and 
desaturation processes.  
4.1 Abstract 
Synchrotron X-ray tomography images were used to study dynamic, regional water 
transfer behavior in the gas diffusion layer (GDL) during thawing and desaturation processes. 
Initially saturated, frozen GDLs were thawed and desaturated with air in a serpentine gas flow 
channel. On-the-fly (OTF) high speed CT scans via synchrotron X-ray allowed the capture of 
consecutive water transfer inside the GDL under the cold start-up gas purging condition. 
Desaturation data of Sigracet® 35AA GDLs with 3 superficial gas velocities (2.88-5.98 m/s) 
were selected for analysis. Multiple spatial segmentation levels based on the flow field geometry, 
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including channel vs. rib, individual channels and ribs, and smaller sections in each channel and 
rib, were applied to the in-plane direction to study the GDL regional thawing and desaturation 
behaviors. Each segmentation volume had a similar desaturation pattern in general; however, 
water distribution and desaturation show heterogeneity over the GDL domain, as well as relation 
with factors including the flow field geometry, air traveling distance, and initial saturation level. 
These data from the segmentation analysis expand the knowledge of localized water transfer 
behavior during the cold start thawing process. These data can also provide valuable information 
for future cold start modeling and help in optimizing the PEM fuel cell flow field design. 
Keywords: PEM fuel cell, gas diffusion layer, cold start-up, saturation, X-ray radiography, flow 
field, segmentation 
4.2 Introduction 
Proton-exchange membrane fuel cells (PEM fuel cells) have gained increased interest as 
one of the clean energy solutions for small scale applications. Owing to their high energy 
efficiency, zero emissions, and simplicity in operation, PEM fuel cells are considered as a 
promising clean energy alternative in future automobiles to replace the fossil fuel engines [1-7]. 
One of the main challenges to a successful commercialized PEM fuel cell product is water 
management, where the water generated from the electrochemical reaction and removed by the 
cell needs to be balanced in order to maintain the optimized hydration level through the entire 
cell. Excess water may cause blockages, which limit the gas transfer to the catalyst layer; 
insufficient water may cause membrane dehydration. Both issues can lead to performance loss 
and even irreversible cell degradation in the long term [8,9]. 
The gas diffusion layers (GDLs) play a crucial role in PEM fuel cell water management. 
As a part of the membrane electrode assembly (MEA), the GDL is a thin layer of porous media 
with porosity of 75 – 90 % placed between the channel and the catalyst layer, which functions as 
the bridge of mass transfer between these layers [10]. Poor water management, especially water 
flooding in the GDL can limit or even prevent the reactants from reaching the catalyst and 
membrane. It could become a more serious problem in the operation under the subzero 
temperature [5,6,8]. The frozen water in the MEA could completely block the transport of the 
reactant streams and cause gas starvation, which may lead to carbon corrosion, catalyst 
degradation, voltage reversal, and in the long term, lifetime reduction and cell failure [11-15]. 
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Therefore, removing excess water in the GDL is essential for low operating temperature. Due to 
the difficulty in studying the water transfer phenomenon in this small scale of porous media, 
which also involves heat transfer and phase change, cold-start operation has become one of the 
main challenges in PEM fuel cell commercialization in the automobile industry. Pressurized dry 
gas purging on the anode/cathode side is considered as a common solution for the cold-start 
problem [16,17]. 
For experimental approaches, visualization via X-ray or neutron imaging is one of the 
methods used in GDL water management studies. As the high energy beam penetrates the 
materials, the inner structure of the sample can be revealed with contrast difference based on the 
material properties without cutting through the sample. X-ray imaging differentiates the material 
via density difference, which can support both qualitative and quantitative studies on GDL 
structure and liquid water distribution when combined with the computed tomography technique 
(CT). Compared with the lab-based X-ray imaging system, the high photon flux from 
synchrotron X-ray provides high spatial and temporal resolution, making it possible to capture 
the dynamic water transfer process in the GDL [18]. Using X-ray CT data, Lamibrac et al. [19] 
characterized the liquid water saturation in the microporous layer (MPL) coated GDLs as a 
function of the capillary pressure. Ince et al. [20] showed that the in-plane water distribution in 
the porous structures of both MPL and GDL increased as the GDL compression level increased. 
Markötter et al. [21] visualized the increased hydrophilicity in water distribution around the 
holes of perforated GDLs. For dynamic water transfer processes, Zenyuk et al. [22] visualized 
the water evaporation in several GDLs with gas flow rates of 200 and 600 ml/min at 30 °C. The 
desaturation process in the GDL was also visualized by Battrell et al. [23,24] for both global and 
localized GDL areas, with the gas flow rate at 50 ml/min. 
In the literature, several studies were conducted on GDL visualization with subzero 
operating temperatures or GDL freezing/thawing processes. Otsuki et al. [25] measured the 
solidification heat from supercooled water using thin-film thermocouples and visualized the ice 
distribution via X-ray CT after several cold-start operations. Kim et al. [26] visualized the GDL 
structure deformation after freezing the pre-saturated GDL using X-ray tomography. By in-situ 
visualization of water production and water transfer via synchrotron X-ray CT, Mayrhuber et al. 
[27] investigated the mechanism of the performance drop during the cold-start operation of PEM 
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fuel cells. Kim et al. [28,29] quantitively measured the heterogeneous distribution of the GDL’s 
porosity using synchrotron X-ray CT, and studied the GDL structures with 3D reconstruction 
after the GDLs experienced freezing/thawing cycles. As most of the X-ray visualization studies 
involving subzero temperatures focused on the GDL structure after the freezing/thawing cycles, 
neutron imaging has been used in several studies to visualize the dynamic process in the cold-
start condition. Siegwart et al. [8] visualized the dynamic phase change of water during the 
isothermal PEM fuel cell cold-start and successfully distinguished ice from liquid water via 
contrast difference using 2D neutron imaging. Water accumulation has been visualized by 
Oberholzer et al. [30] during the isothermal cold-start using in-plane neutron imaging. 
Flow field geometry is one of the important elements of PEM fuel cell design, which has 
significant impact on aspects such as cell performance and water management. Hence, 
understanding the effects of flow field geometry is critical in optimizing the design and 
improving the performance and water management ability. Spernjak et al. [31, 32] 
experimentally investigated the liquid water formation and transport in a single-serpentine PEM 
fuel cell, and also compared the liquid water dynamics in parallel, serpentine, and interdigitated 
flow fields using neutron imaging and digital camera. Battrell et al. [24] quantitatively visualized 
the water removal in the GDL with serpentine gas channels, considering the effects of flow field 
geometry. Ding et al. [33] compared the cell performances of a parallel, interdigitated, and 
serpentine flow field with normal and wavelike channels using a three-dimensional, two-phase, 
non-isothermal model. Yin et al. [34] numerically investigated the liquid water droplet 
movement at the U-turn of the serpentine channel. Kerkoub et al. [35] used a three-dimensional 
CFD model to study the effects of the channel to rib width ratio for the PEM fuel cell with 
parallel, serpentine, and interdigitated flow fields.  
In summary, although numerous studies have experimentally or numerically investigated 
the PEM fuel cell and GDL water management, there is still a lack of a clear understanding of 
the water transfer phenomenon in this porous media. High quality visualization could provide 
valuable information for modeling and numerical studies. However, most of the existing 
visualization research studied the water behavior with the cell in an idle state to increase the 
exposure time. Using the low energy monochromatic beam with long exposure time in X-ray 
imaging can increase the quality of spatial resolution and material contrast, but the duration of 
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each scan is too long to capture the water dynamics. Furthermore, in studying the dynamic water 
behavior with cold-start conditions, although neutron imaging is commonly used for its high 
sensitivity to ice and liquid water, it can only provide low resolution images due to apparatus 
limitation. It can be seen that the dynamic processes of freezing, thawing and water movement in 
the cold-start GDL are not well understood. Motivated by these challenges, the thawing and 
desaturation process of a pre-saturated frozen GDL was 3-D visualized using high-speed 
synchrotron X-ray CT and analyzed both qualitatively and quantitively in this work. Multiple 
GDL samples (Sigracet® 35AA and 35BA graphite GDLs) were studied with a serpentine flow 
field and the air purging rate at 10, 20, 30 ml/min during the desaturation. Continuing previous 
work [36], which studied the global desaturation profile and heterogeneity across the entire GDL 
domain, this research focuses on the localized desaturation and water behaviors in smaller scale 
to study the effects of flow field on the GDL water management. This work provides valuable 
data for the modeling community for simulation of the water transfer and the freezing/thawing 
process in the GDL. These data can also be useful for future design of GDLs, flow fields, and 
cold-start strategies to improve the overall water management of PEM fuel cells. 
4.3 Methodology 
This research used the same protocols and setups as a previous experiment [36] and were 
discussed there in detail. A summary is included in the following section along with the changes 
and improvements. 
4.3.1 Experiment protocols 
The GDL sample was initially saturated by injecting liquid water at 0.05 ml/min using a 
syringe pump. The saturated GDL was then transferred into the test cell and an X-ray CT scan 
was performed. After this point, the GDL sample remained in the test cell untouched until the 
end of this experimental trial to minimize the position change in each scan. The GDL was frozen 
in a -80 °C freezer for 20 minutes to simulate the rapid ice formation in the GDL during the 
subzero temperature. Then, the test cell was mounted on the CT rotation stage and the scans were 
performed in 2-minute intervals for a total of 30 minutes, with ambient temperature dry air 
constantly purging the cell at the rate of 10 ml/min, 20 ml/min or 30 ml/min depending on the 
experimental conditions, corresponding to 2.88 m/s, 4.26 m/s and 5.98 m/s superficial gas 
velocity in the gas channel. A CT scan was captured for baseline GDL porosity on the dry state 
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sample at the end of each experiment after a 5-minute air purge was applied. Two GDL samples 
from the same product series, Sigracet® 35AA and 35BA, were used in the experiment, where 
the 35BA has additional 5 % PTFE loading for higher hydrophobicity [37].  
 
Figure 4.1. Synchrotron X-ray reconstructed slices for 35AAGDL with 20 ml/min air purging rate at A) 0 
minute thawing process, B) dry state. C) Total water content (highlight in red) after segmentation via 
image subtraction. 
Raw 2D projections were reconstructed with ultra-fast imaging and online reconstruction 
- Karlsruhe Institute of Technology (UFO-KIT), where background correction and phase 
retrieval were applied during the scan as well as during the reconstruction to enhance the image 
quality and reduce the noise [38,39]. The reconstructed images (32-bit, black-and-white) were 
imported to ImageJ 1.52a for image processing, segmentation, and calculation. The sample 
images of the reconstructed slices are shown in Figure 4.1-A and B, where the bright sections 
represent the water/GDL structure mixture, and the dark sections represent the empty porous 
space. The segmentation was done by first separating the water/GDL structure mixture from the 
total volume via the large contrast difference between the unoccupied space (air) and materials 
due to their significant density difference. Due to the small contrast difference between the GDL 
fiber, liquid water, and ice, previous segmentation method could not be applied to separate each 
other. Therefore, the water content was segmented from the GCL carbon fiber by subtracting the 
volume with the GDL structure captured from the dry state baseline, where the liquid water and 
ice were both included in the total water content, shown in Figure 4.1-C, for further calculation. 
Using the quantitative data extracted from the segmented images, the percentage-saturation of 
the GDL was calculated as the volume of water content divided by the total pore volume in the 
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dry state GDL. The desaturation rate of the GDL was calculated as the change in the volume of 
water content over 4 minutes divided by cross sectional area of the GDL. Previous research 
showed the heterogeneity in water distribution during the initial saturation, and the impacts of 
the initial saturation on the magnitude of desaturation rate, which could be more noticeable when 
zooming into the localized level. Therefore, the desaturation data was additionally normalized 
with the local initial saturation level, which transformed into the percentage removal rate of the 
initial residual water in that GDL area. The normalized percentage water removal rate was 
calculated as averaged desaturation rate over 4 minutes divided by the volume of initial water 
content. 
4.3.2 Synchrotron setups and cell design 
All the experiments for this research were performed at the Bio-Medical Imaging and 
Therapy (BMIT) 05B1-1 beamline in the Canadian Light Source Inc., the 3rd generation 
synchrotron facility located in Saskatoon, Canada [40]. 2000 projections were captured in 10 
seconds during each CT scan, with the Field of View (FOV) set as 10 mm x 1.5 mm and the 
pixel size set as 5.3 µm. 20 keV high photon flux filtered white beam and the detector with the 
combination of a high-speed camera DIMAX HS4 (PCO) and a beamline monitor AA40 
(HAMAMATSU) ensured the high CT capture speed and the high image quality. Phase contract 
method was applied to enhance the image quality by placing the detector 0.4 m away from the 
test cell.  
The test cell used in this experiment simulated the water transfer in the GDL and channel 
on the cathode side of a single PEM fuel cell unit. To minimize the effects of the test cell during 
the experiment, polyether ether ketone (PEEK) was selected as the cell material for its low X-ray 
absorption rate and high durability. When the top and bottom parts of the test cell shown in 
Figure 4.2-A and B assembled, the GDL sample was placed between the 40 mm serpentine shape 




Figure 4.2. 3D schematics of the test cell A) top and B) bottom parts; C) flow channel design with 
dimension. 
4.3.3 Flow field segmentation 
This research focuses on localized water behavior during the thawing and desaturation 
process, and the effects related to the flow field geometry. For doing so, the GDL area 
underneath the channel and the rib was segmented in 3 different levels, and the GDL thawing 
and desaturation process was studied within each individual area. In the first level, channel/rib 
was studied as a whole, where the channel area was a continuous section with 5 individual 
channels and 4 bends, and the rib area contains all 4 ribs between the channels. For the next 
segmentation level, each individual channel (C), bend (B), and rib (R) is isolated from the whole 
channel/rib area as shown in Figure 4.3-A. In the third level, each long channel and rib is evenly 
separated into 3 smaller sections, as shown in Figure 4.3-B, where the short channels, short ribs, 
and bends remain in the same segmentation as in the second level. The number in the naming 





Figure 4.3. Schematic showing the geometry and the naming convention for A) second segmentation level 
and B) third segmentation level. 
4.4 Results and discussion 
The in-plane saturation profiles and desaturation rates are examined in different 
segmentation levels within the GDL area, which include the whole channel/rib areas, individual 
channels/ribs, and smaller sections within a single channel/rib. This work investigated how the 
flow filed geometry affected the thawing and desaturation process in the frozen GDLs. Also, 
according to previous research, this difference in GDL hydrophobicity (difference in 35AA and 
35BA) has insignificant impact on the thawing and desaturation process, and would almost only 
affect the overall GDL initial saturation level. Therefore, the data analysis focused on comparing 
the saturation profiles and desaturation rates in different segmentations within the same 
experimental trial.  
4.4.1 Saturation profile and desaturation rate – whole channel/rib areas 
The first analysis was performed under the coarser segmentation of the 3 levels. The 
whole channel domain is the continuous area and includes all the 5 channel segments and 4 
bends, and the whole rib domain is the sum of all the 4 rib areas. The channel vs. rib saturation 
profiles and desaturation rates for 35AA and 35BA GDLs with 10, 20, and 30 ml/min air purging 
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rates are shown in Figure 4.4. Like the thawing and desaturation process for the overall GDL 
domain, the saturation profiles and desaturation rates at the large scale in both channel and ribs 
show a similar trend in all the cases. From 0 to 10 minutes, the temperature of the GDL increased 
but remained in frozen condition, indicated by the flat curves in the saturation plots and close to 
zero desaturation rates. From 5 to 15 minutes, ice thawing occurred with an increased amount of 
water removed the from GDL. Therefore, the desaturation rates started to increase. The peak in 
the desaturation profile indicates the completion of the thawing process at around 15 minutes. 
For the rest of the purging process, the desaturation rates continue to decrease until most of the 
water content is removed from the GDL, as the desaturation rates drop to almost 0 µL cm-2 s-1. 
 
Figure 4.4. Dynamic 1) saturation profiles and 2) desaturation rates for A) 35AA GDL B) 35BA GDL 
over both whole channel and ribs domains, with 10, 20, and 30 ml/min air purging rates. 
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By comparing the desaturation rates for the channel and the ribs within the individual 
experimental cases, it is observed that at the large scale, the difference in the thawing and 
desaturation process is not significant between the two segmented domains. The durations of the 
same phase in the air purging process are similar or even identical for the channel and ribs areas 
in the same experimental case. For 35AA GDL with a 20 ml/min air purging rate, the 
desaturation curves for the channel and ribs completely overlap, where the difference in averaged 
desaturation rates is only 1.08 %. The differences in the channel and ribs desaturation profiles for 
35AA GDL with 30 ml/min and 35BA GDL with 20 ml/min could be caused by other factors 
rather than the flow field geometry such as GDL initial saturation level. For instance, the initial 
saturation differences in the channel and the ribs for 35AA with 30 ml/min and 35BA with 20 
ml/min are 16.8 % and 37.5 %, respectively, and the initial saturation difference is only 2.78 % 
for 35AA with 20 ml/min air purging rate. 
4.4.2 Saturation profile and desaturation rate – individual channels/ribs  
To investigate localized saturation and desaturation rates in the flow field, the individual 
channels, bends, and ribs were further divided in the next segmentation level as shown in Figure 
4.3-A. Previous research showed that a high level of heterogeneity could occur in the saturation 
across the GDL domain, and this uneven water distribution can affect the desaturation rates in 
those areas, where the magnitude of the desaturation rates appears to be proportional to the initial 
saturation level. This effect becomes more significant when zooming into smaller GDL area. To 
minimize this effect, the desaturation rate values in each segmented area were normalized using 
the initial saturation values in those sections, and the desaturation rates were transformed into the 
percentage initial water removal rates. After normalization, the channels, bends, and ribs water 
removal rates for 35AA GDL at a 20 ml/min air purging rate are shown in Figure 4.5-A, B, and 
C, respectively. No significant difference could be found between the magnitudes of the water 
removal rates in each section. However, it can be clearly seen that the peaks of the desaturation 
curves shift to earlier times in segments closer to the air inlet (a shorter purging distance). The 
humidity of the purging air increases as it travels along the channel from the inlet to the outlet, 
and the thawing and desaturation of the GDL slows down during this process. For instance, the 
full thawing point of B4 came 5 minutes later than B1, which has approximately 28 mm purging 





Figure 4.5. Normalized percentage water removal rates profiles for 35AA GDL with 20 ml/min air 
purging rate underneath the A) channels, B) bends, C) ribs. 
4.4.3 Saturation profile and desaturation rate – channel and rib segmentation 
Each long channel and rib were evenly divided into 3 rectangular sections at finer 
segmentation level shown as Figure 4.3-B. Taking 35AA GDL with 20 ml/min air purging rate 
as an example, the saturation profiles of all the segments are presented on surface plots shown in 
Figure 4.6, where the geometries on the plots represent the actual flow field geometries in Figure 
4.3-B. For better demonstration, the saturation profiles are converted into the value of percentage 
water relative to the initial residual water in each section. Heterogeneity in the thawing and 
desaturation process were observed through the entire GDL area. From 0 to 8 minutes, the 
saturation level in most of the GDL areas increased and exceeded their initial saturation values. 
This increase in the water volume may be caused by the combination of the volume expansion 
from the ice thawing, and the liquid water intrusion from the water droplets and thin films 
attached to the bottom surface of the GDL due to the through-plane pressure difference caused 
by the purging flow.  
From 8 to 16 minutes, rapid water removal occurs in all the segmented areas. The 
channel and rib segments closer to the outlet of the purging air desaturate slower than the 
segments near the inlet. At 24 minutes, as 78.3 % of the segmented areas have the saturation 
drop below 30 % of the initial water content, C2.3, C4.2, C5, R3.1, and R3.2 desaturate slower 
than other sections. C4.2 was not considered as the slow desaturation region due to its low initial 
saturation level at 2.56 %. Other than that area, the slow desaturation regions could appear 
randomly in both channel and rib areas, but had a higher chance to appear near the outlet than the 
inlet. From 20 to 28 minutes, desaturation across all the areas slowed down with almost no 
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significant change in the saturation level, and the water removal rates in the slow desaturation 
regions did not increase as the water removal process finished for the rest of the areas. 
 
Figure 4.6. Spatial saturation colormaps include all the segmentations in the 35AA GDL with 20 ml/min 
air purging rate experiment. 
In studying the effect of purging distance, the percentage water removal rates of the finer 
segmentations for each long channel and rib are shown in Figure 4.7. Heterogeneity becomes 
more obvious in the smaller scale. Different from the results in the second segmentation level, 
the effect of purging distance was not clearly observed within C2, C3, and R3. Also, C3.3 and 
R3.3 appeared to be outliers that had higher water removal rates and a faster thawing process 
than the other sections within the same channel/rib. It indicates that other localized factors such 
as GDL structure, permeability and pore size could potentially influence the thawing and 





Figure 4.7. Normalized percent water removal rates profiles for 35AA GDL with 20 ml/min air purging 
rate for segmentations underneath A) channel 2, B) channel 3, C) channel 4, D) rib 2, E) rib 3. 
In studying the effect of flow field geometry on the thawing and desaturation process, a 
comparison of the water removal rates in a mixed area of channels, bend, and rib was conducted 
and results are shown in Figure 4.8. To isolate the effect of purging distance, 4 neighboring 
sections, C3.3, B3, R3.3, and C4.1 were selected, which form a continuous U-shape channel area 
plus the rib area between the two straight channels. Two straight channels, C3.3 and C4.1, have 
the fastest and slowest thawing process among the four areas respectively, where the bend and 
rib areas B3 and R3.3 laid in between. Comparing with the straight channel in Figure 4.7, the U-
shape channel area including C3.3, B3, and C4.1 has a similar purging distance. However, the 
difference of the thawing process duration in the U-shape channel is significantly larger than the 
straight channel, which shows approximately 5 minutes difference on the GDL full thawing 
points, indicates that the bend structure of the U-shape/serpentine shape channel could slow 
down the thawing and desaturation process for the areas after the structure. Combined with the 
purging distance factor, the longer the purging air travels along the serpentine shape channel, the 




Figure 4.8. Normalized percent water removal rates profiles for 35AA GDL with 20 ml/min air purging 
rate underneath a U-shape channel area. 
4.5 Conclusions 
GDL thawing and desaturation processes were visualized and analyzed both qualitatively 
and quantitatively on multiple segmentation levels under air purging conditions via synchrotron 
X-ray CT. Three desaturation phases were noted in the desaturation profiles in the large scale of 
GDL domain and locally in the smaller segmented areas: GDL warmup, partial thawing with 
water removal, and desaturation after complete thawing. At larger scale, the relationship between 
the desaturation and the channel/rib geometry was not clearly observed. Zooming into smaller 
segment levels, both the temporal desaturation profiles and the spatial saturation colormaps show 
that the purging distance, flow field geometry, and the initial saturation level play important roles 
in the GDL thawing and desaturation process, where longer purging distance and bend channel 
structures decreased the thawing speed. Besides these factors, heterogeneity in desaturation was 
found across the GDL, even for the neighboring areas. These results also show the difference in 
the thawing and desaturation process between the global and the local GDL domain, which 
indicates that the water behaviors in localized areas could be the key in solving the water 
management problems for the PEM fuel cell. These results provide valuable information for 
understanding the GDL water management during cold-start and could be used in optimizing the 
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Chapter 5. Conclusions and Recommendations 
5.1 Conclusions 
The thawing and desaturation processes of the air purging cold-start GDLs were 
visualized via high speed, high resolution synchrotron X-ray CT. Based on the captured images, 
the dynamic saturation profiles and desaturation rates were analyzed qualitatively and 
quantitatively at both global and local scales of the GDL samples investigated in this project. 
At the global scale, three thawing/desaturation phases were observed from the 
desaturation profile: GDL warm-up, partial thawing with water removal, and desaturation after 
complete thawing. The trends were similar in all the experimental cases. The air purging rate had 
a major effect on the thawing and desaturation process. At a higher purge rate, the desaturation 
rate of the GDLs is faster. GDL hydrophobicity did not show a significant effect on the 
desaturation process, but was found to affect the initial saturation level of the GDL samples. 
Also, heterogeneity was observed through the entire GDL domain both in-plane and through-
plane, where water accumulation spots, slow desaturation regions, and uneven desaturated GDL 
layers were found in various GDL locations. Saturation contours, histograms, and 3D geometry 
models show that the level of local water blockage in a GDL can vary substantially, indicating 
that the GDL water management cannot be precisely characterized by the overall saturation 
value alone. 
At the local scale, multiple segmentation levels were applied on the GDL in-plane to 
analyze the localized GDL thawing and desaturation processes. Like what has been found at the 
global scale, the similar trends were found in all the areas for each segmentation level. By 
selecting the whole channel region and the rib region as the area of interest, no significant 
difference was observed between the two geometries. Zooming into smaller segments, both the 
temporal desaturation profiles and the spatial saturation colormaps show that the purging 
distance, flow field geometry, and the initial saturation level all play important roles in the GDL 
thawing and desaturation process, with a longer purging distance and bend channel structures 
decreasing the thawing speed. Heterogeneity in water transfer becomes more evident at the local 
scale, which could even be found in the neighboring regions. 
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Both analyses in the global and local scales show the significant heterogenous behavior 
in the GDL thawing and desaturation process. It is necessary to focus on the water transfer 
behavior in the localized GDL regions in order to understand the behavior over the entire GDL 
domain. The results from this project provide valuable information for understanding the GDL 
water management during the cold-start process and could be used in optimizing the future 
experiments, modeling, and commercialized PEM fuel cell design. 
5.2 Recommendations 
A few challenges in the experimental sections of this research had not been addressed due 
to the limitation of resources and apparatus, which could possibly be solved in the future studies. 
First, the cell temperature during the experiments was not controlled. The test cell was 
exposed to room temperature as soon as leaving the freezer. If the cell temperature is maintained 
at low temperature via external cooling such as cold coolant circulation, the thawing and 
desaturation process could be slowed down for better temporal resolution. Furthermore, if the 
cell temperature could be adjusted during the CT scanning, a better freezing process could be 
applied to simulate the actual cold-start process, enabling the water behavior study during the 
freezing process. 
Secondly, the liquid water and ice were not clearly distinguished from each other in the 
CT images due to a subtle contrast difference. This limits the quantitative analysis of the thawing 
process and it requires further study through improving the synchrotron setup. 
Finally, the same GDL samples were repeatedly used during the experiments. It was 
observed that as the same GDL samples experienced more water injection and freezing/thawing 
cycles, the initial saturation of that GDL sample increased. In consequence, the initial saturation 
levels for the same type of the GDL were not identical in each experiment. It can be solved by 




Appendix A. Sample codes for image processing and calculations 
The following sample code is written in ImageJ macro language. A table containing the 








folderDirection="D:/2020-02/Thawing_CT_GDL/" + folderName+"/"; 
imageFirst=0; 
imageLast=29; 
saveDirection="D:/2020-02/Thawing_CT_GDL/" + folderName+"/"; 
threshold=-7E-4; 
 
for (a=folderFirst+1; a<=folderLast; a++) { 
 if (a==folderFirst+1) { 
  cond="-freeze/"; 
 } else if (a==folderLast) { 
  cond="-dry/"; 
 } else { 
  cond="-thaw/"; 
 } 
 for (b=imageFirst; b<=imageLast; b++) { 
  open(folderDirection+a+cond+b+".tif"); 
  makeOval(70,70,1800,1800); 
  getMinAndMax(min, max); 
  nBins=(max-min)/0.000001; 
  thresholdBins=(threshold-min)/0.000001; 
  nBins=round(nBins); 
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  thresholdBins=round(thresholdBins); 
  voidPixel=0; 
  totalPixel=0; 
  getHistogram(values,counts,nBins,min,max);    
  for (c=0; c<nBins; c++) { 
   if (c<=thresholdBins) { 
    voidPixel=voidPixel+counts[c]; 
    totalPixel=totalPixel+counts[c]; 
   } else { 
    totalPixel=totalPixel+counts[c]; 
   } 
  } 
  porosity=voidPixel/totalPixel;  
  row=a-folderFirst; 
  setResult(b, row, porosity); 
  close();     





The following sample code is written in Typescript with Deno runtime system. Each CSV 
files containing the porosity values for all the segments in each CT slice will be computed into 
the averaged saturation and averaged water content observed in each CT scan. 
export function readCSV(folderPath: string, fileName: string, fileCount: number){ 
    const rawCSV = Deno.readTextFileSync(folderPath + '/' + fileName + '-' + fileCount + '.csv'); 
    const rows = rawCSV.split('\n'); 
    const csv = rows 
        .filter((row) => row) 
        .map((row) => row.split(',')); 
    csv.shift(); 
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    csv.forEach((row, rowIndex) => row.shift()); 
     
    return csv; 
} 
 
export function writeCSV(folderPath: string, fileName: string,  csvText:any) { 
    Deno.writeTextFileSync(folderPath + '/' + fileName + '.csv',csvText); 
} 
 
import { readCSV } from "./read-csv.ts"; 
import { writeCSV } from "./write-csv.ts"; 
 
const folderPath = Deno.args[0]; 
const fileName = Deno.args[1]; 
const fileCount = +Deno.args[2]; 
 
const dryGDLGroup = readCSV(folderPath, fileName, fileCount); 
let convertedSaturationCSV: string = ""; 
let convertedDesaturationCSV: string = ""; 
 
for (let i = 1; i < fileCount; i++) { 
    const wetGDLGroup = readCSV(folderPath, fileName, i); 
    const saturationDifference: number[][] = []; 
    const desaturationDifference: number[][] = []; 
    wetGDLGroup.forEach((row, rowIndex) => { 
        saturationDifference[rowIndex] = []; 
        desaturationDifference[rowIndex] = []; 
        row.forEach((column, columnIndex) => { 
            let waterDifference = +dryGDLGroup[rowIndex][columnIndex] - (+column); 
            if (waterDifference < 0) { 
                waterDifference = 0; 
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            }; 
            saturationDifference[rowIndex][columnIndex] = waterDifference / (+dryGDLGroup[rowIndex][c
olumnIndex]); 
            desaturationDifference[rowIndex][columnIndex] = waterDifference; 
        }); 
    }); 
 
    const saturationAverage: number[] = []; 
    saturationDifference.forEach((row, rowIndex) => { 
        saturationAverage[rowIndex] = +0; 
        for (let j = 0; j < row.length; j++) { 
            saturationAverage[rowIndex] += saturationDifference[rowIndex][j]; 
        }; 
        saturationAverage[rowIndex] /= row.length; 
    }); 
 
    const desaturationAverage: number[] = []; 
    desaturationDifference.forEach((row, rowIndex) => { 
        desaturationAverage[rowIndex] = +0; 
        for (let j = 0; j < row.length; j++) { 
            desaturationAverage[rowIndex] += desaturationDifference[rowIndex][j]; 
        }; 
        desaturationAverage[rowIndex] /= row.length; 
    }); 
 
    let convertingSaturationCsv: string = saturationAverage.toString(); 
    convertedSaturationCSV += convertingSaturationCsv + "\n"; 
 
    let convertingDesaturationCsv: string = desaturationAverage.toString(); 





writeCSV(folderPath, fileName + "-Saturation", convertedSaturationCSV); 




Appendix B. Construction of the 3-D geometry models 
The 3-D geometry models shown in this work were constructed using Avizo 9.3, based 
on the reconstructed CT images. As shown in Figure B.1, these slices of images were cropped 
into a smaller size (3.18 mm x 3.18 mm) containing the area of interest, and were converted into 
8-bit images, due to the limitation in the computing power. For the images taken in a single scan, 
all the image slices were inputted into Avizo as a stack to generate a basic 3-D model. Then, the 
non-vacant volume (mixture of GDL structure and water content) was segmented by tuning the 
threshold. The same process was also performed on images of the dry state GDL, where the non-
vacant volume is equal to the GDL structure, colored in grey. By subtracting this volume from 
the mixture, the total volume of the water content would be obtained, colored in light blue. The 
combination of these two segments in a 3-D model is shown in Figure B.2. For better 
demonstration on the water distribution, the top half of the GDL structure was hidden. 
 
Figure B.1. A sample slice of image in the area of interest at the same geometry location for A) 0 minute 
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